The main feature of this paper was to recognize struvite crystallization in the metastable region of supersaturation. Thermodynamic equilibria of struvite were simulated to identify the minimum struvite solubility limit, thereafter validated by existing thermodynamic modelling packages such as PHREEQC and the derived data from existing struvite solubility curve. Using laser light scattering detection, spontaneous nucleation was identified by the slow increase of pH in a supersaturated solution of struvite. The crystallization experiment, conducted close to the saturation region in metastable zone, initiated struvite growth. The conducted experiment showed that mother crystal (struvite) was more e¤ective as seeds for struvite crystallization.
Introduction
The thermodynamically metastable zone is defined as the critical zone of solution supersaturation where crystallization is not governed by nucleation and thus avoids rapid or spontaneous precipitation. Supersaturated solutions induce crystallization by nucleation and subsequent crystal growth. On the basis of the classical theory of crystallization, documented by Gibbs-Thomson, crystallization is a process of energy transformation [1, 2] . Crystal clusters form stochastically, consuming energy from the supersaturated solution. Continuous collision of clusters forms stable nuclei. The growth of stable nuclei is an energy-releasing process [1, 2] .
Energy for cluster formation is supplied by a thermodynamic driving force in supersaturated solution. The time lag between the supersaturation of solution and the first appearance of concentration decay is theoretically called induction time [1] . A highly supersaturated solution has a shorter induction time, whereas relatively lower supersaturation is characterized by a longer or even infinite induction time. One disadvantage of infinite induction time is the redissolving of induced crystals in solution due to high-energy consumption from a relatively low driving force. In this circumstance, preliminary additions of seed materials induce surface di¤usion of newly born clusters and govern crystallization [3] . This approach can be obtained when the crystalliser operates along the stable-metastable zone (close to saturation). In industrial crystallization, the metastable zone technique is widely practiced due to smoother continuous operation at controlled supersaturation [4, 5] . A slow decrease of solution supersaturation triggers the addition of reactant into crystalliser. Figure 1 represents the schematic diagram of struvite crystallization at uncontrolled and controlled (stable-metastable) supersaturation.
The metastable zone width is a characteristic property of crystallization, which plays an important role in industrial crystallization to maintain product quality. An attempt at predicting metastable zone width was made by Kim and Mersmann [6] for several organic and inorganic systems in bench-scale cooling crystallization. The approach to determine the metastable zone width of Kim and Mersmann [6] cannot be applied to reactive crystallization since the derived empirical formulation of metastable zone width, relating to di¤erent nucleation conditions, is associated with the cooling temperature. The association of thermodynamic driving force/pH value of reactive solution, in the corresponding numerical prediction, is mandatory in reactive crystallization. The model-based prediction of metastable zone width is still in the developing stage; however, the measurement of the metastable zone with the polythermal [6, 7] /poly-thermodynamic driving force [8] under visual or instrumental observation has been documented in the literature. Hirasawa [8] documented an experimental approach of determining metastable zone width for hydroxyapatite, relating to solution supersaturation, pH value, and minimum solubility limit of crystallization. The process described in this paper for the determination of the metastable zone is comprised of a thermodynamic modelling approach along with an experimental approach. Crystallization operated at the metastable zone has the potential for smoother control of systems [9] ; however, crystallization occurring at very close to saturation is ultimately a challenging issue [10] . In this respect, seed crystals o¤er a template of nuclei maturation by providing a di¤usive media for newly born thermodynamically unstable nuclei. The literature suggests that various types of materials are used as seed materials in di¤erent types of crystallization. Phosphate rock, bone charcoal, magnesia clinker, zirconium hydroxide, pumice stone, borosilicate glass, struvite, quartz sand, marble, calcium carbonate, activated carbon, bone char, and phosphorus rock, mother crystal (struvite) are the possible candidate seeds [3, [11] [12] [13] [14] [15] . Chemical inactivity in the mother liquor, isomorphism with mother crystal, and adequate surface area in suspension are the predominant properties of ideal seeds [1, 2, 16] . 
Mathematical modelling and formulation
The key parameters involved in struvite solution chemistry are solution supersaturation, pH, and the initial concentration of reactants. [17, 18] . The basic thermodynamic relations of chemical complexes are given in Table 1 .
The total constituent concentration for Mg, NH 4 , and PO 4 , denoting C T; Mg , C T; NH4 , C T; PO4 , are the total ionic concentration of their complexes and free ions, as illustrated in Eqs. (2-4): [20] Crystallization of struvite from metastable region with di¤erent types of seed crystalThermodynamic equilibria described above interacts with the pH value of the solution due to the presence of H þ and OH À , denoting equilibrium constant of water ðK w ¼ 10 À14 Þ, as shown in Eqs. (5) and (6):
The activity coe‰cient of di¤erent components ðg i Þ and mean ionic activity coe‰-cient is calculated using the Davies equation (Eqs. [7] and [8] ), considering the maximum limit of ionic strength (I ) of 0.2 mol/L [22, 23] . ) is defined as the quotient of free ion concentration and total concentration of each chemical component, Two types of solubility products can express the solubility of struvite crystals, which include conditional solubility product (P cs ) and absolute solubility product (P so ). The absolute solubility product (P so ) relates to solution properties such as ionisation fraction (a i ), activity constant ðg i Þ, and minimum struvite solubility product (K so ), whereas conditional solubility product relates to total concentrations (C i ). Solution of higher conditional solubility product than absolute solubility product (P cs > P so ) refers to supersaturation. Equal numerical values of P cs and P so characterise the saturated condition, whereas P so < P cs demonstrates undersaturation. The negative logarithmic value of minimum struvite solubility product (pK so ) applied in this thermodynamic modelling was 13.26 [18] .
ð9Þ P cs ¼ C T; Mgm :C T; PO4m :C T; NH4m ð10Þ
Solution thermodynamic properties specify the state of saturation, free ion concentrations, type complexes, and state of precipitation/crystallization. The precipitation of struvite occurs in supersaturated solution, which takes place particularly under the influence of the solution's pH value and initial reactant concentration [24] . The dem-onstrated is based on the magnesium ammonium phosphate precipitation by mixing magnesium chloride and ammonium di-hydrogen phosphate. Presence of base in solution provides increased free ions of phosphate (Eq. [11] ), thereby bringing on supersaturation.
3. Determination of the metastable zone A series of batch experiments was conducted using a synthetic solution at concentrations of 0.002, 0.003, 0.004, 0.005, and 0.007 molar. Synthetic solution made up of de-ionised water was used in the experiment. Analytical grade MgCl 2 and NH 4 H 2 PO 4 were used to make up the synthetic solution, maintaining a molar ratio of Mg/NH 4 /PO 4 at 1 : 1 : 1. The metastable zone experiment was conducted in the absence of seed particles to identify the minimum limit of supersaturation for instantaneous nucleation. The schematic diagram of the experimental set-up is shown in Figure 2 . The determination of the metastable zone incorporated two steps, which included (i) the determination of minimum struvite solubility (saturation) by means of the thermodynamic modelling approach and (ii) the determination of minimum saturation limit for instantaneous precipitation by means of the metastable zone experiment approach.
The experiment was conducted in a dark room using a laser light scattering device (laser pointer) for particle detection in which red-colour laser light passed through a reactive solution of 1 L. The reactive solution, contained in 1.5 L of a properly cleaned glass beaker, was agitated using a rotational mechanical agitator with an impeller blade diameter of 2.5 in. A uniform speed of 35 rpm was employed throughout all experiments to provide su‰cient mixing of the solution. The solution pH was carefully and slowly adjusted using 0. 0.1 M of NaOH solution at the closing stage of each experiment. The initial pH of the solution (5.38) was slowly brought up to the minimum supersaturation limit (investigated by thermodynamic modelling) using 0.5 M and thereafter using 0.1 M of NaOH until the first appearance of instantaneous nucleation. The formation of a nuclei cloud in the solution indicated instantaneous nucleation.
In every circumstance, an approximately 15-min interval was given after each drop of NaOH addition to observe any alteration in the reactive solution. Under careful observation, the first appearance of instantaneous nucleation was detected by laser light passing through the reactive solution. Scattering of laser light was implemented parallel to the bottom and perpendicularly to the surface of the reactive solution container. Visual observation of a conditional red line was inspected perpendicularly to the laser light. To avoid any interference, laser light in the solution must not touch the impeller blade. Undersaturated solution, free from particles of significant size, did not show any distinct red-colour line of laser light since illumination of light depended on the reflection of light onto particles present in the solution. Micro-size stable struvite nuclei formed in favourable supersaturated solution. Careful observation and identification of a distinct red line in solution (in dark surroundings) ascertained the formation of a micronuclei cloud. A distinct sharp red line in the reactive supersaturated solution was visible from a few meters' distance in a dark room. Over time, stable nano-size nuclei transformed into micro-size particles when supersaturation was su‰ciently high to make the nano-nuclei stable. In the absence of any di¤usive body (seed crystals), unstable nuclei redissolved. The main objective of the metastable zone experiment was to identify the minimum limit of labile supersaturation at which instantaneous nucleation produced a nuclei cloud that could be precisely detected by laser light scattering.
Experiment on seed materials
The main purpose of this experiment was to identify the potential of di¤erent seed crystals in struvite crystallization. A series of experiments was conducted using solution at 0.002, 0.003, 0.004, 0.005, and 0.007 equi-molar concentrations of magnesium, ammonium, and phosphate. Three types of seed materials, i.e., quartz sand, borosilicate glass grindings, and previously generated struvite, were employed in the specified concentrations. Well-graded quartz sand was crushed and sieved using a 45-53-mm ASTM standard sieve followed by 24 h of oven drying at 105 C. Broken laboratory glassware was used as the source of borosilicate glass seeds following a treatment process of acid wash and drying and thereafter crushing and sieving using an ASTM standard sieve of 45-63 mm. Previously generated struvite crystals were used as mother seeds. Struvite seeds were treated by e.g. dry sieving with an ASTM standard sieve of 45-63 mm before using them as seed materials in subsequent experiments. All experiments were conducted following the schematic diagram in Figure 2 except for the application of the laser light scattering device and the darkness of the surrounding at the time of the experiment. Each solution was seeded with 1 g of the respective seed materials. All experiments were carried out at 35-rpm agitation speed along with the slow addition of NaOH solution. At the initial stage of the experi-ment, NaOH at 0.25-M concentration was used, while close to supersaturation 0.1-M NaOH was used. All experiments were conducted within the previously investigated stable-metastable zone lying close to the minimum solubility limit.
The high-resolution pictures of the produced crystals were taken using a JOEL JSM-5410LV scanning electron microscope (SEM), which has a magnification range of 35 to 200,000. Crystal elements were analysed using the X-ray di¤raction technique (XRD C). The crystal size distribution (CSD) was analysed using a Malvern particle sizer. The trend of pH change was recorded over 24 h in a data logger connected to a pH controller and a pH probe.
Results and discussion
The experimental pH for spontaneous precipitation was compared with the pH of minimum struvite solubility. Thermodynamic equilibria of struvite chemistry were simulated and the simulated response was verified with thermodynamic modelling developed in PHREEQC (thermodynamic modelling package) and with derived data from the Ohlinger [18] solubility limit curve. The graphical presentation of the investigated pH is shown in Figure 3 . The range of maximum and minimum pH limit is documented as the operating pH range of the metastable region. Crystallization, operating along or very close to the pH of just supersaturation, can intensify crystal growth by arresting nucleation. Crystal growth in this case is governed by surface di¤usion (layering) of newly born nuclei onto seed particles.
The trend of pH change during the preliminary stage of crystallization is shown in Figures 4-6 . The release of H þ in the supersaturated struvite system is an indirect approach of expressing reaction rate ensuing chemical reaction in active solution. On the basis of Eq. (12), each recordable unit of pH drop in the supersaturated struvite system represents the occurrence of reaction by means of 2 moles of H þ release with resulting 1 mole of struvite formation when reaction takes place [17] .
A slower reaction rate was observed for quartz sand seeds and borosilicate seeds, whereas a higher reaction rate was observed for struvite seeds due to isomorphism of seeds and newly born nuclei (Figures 4-6) . Crystallization in the stablemetastable region (close to saturation) induced thermodynamically unstable nuclei due to very high energy consumption from the solution of very low thermodynamic driving force. The immature nuclei di¤used on the isomorphous seed surface (struvite) and gained its maturation, leading to pH drops subsequent to induction lag time. The desupersaturation curves, represented in Figures 4-6 , illustrated simultaneous nucleation, growth process of struvite crystallization with controlled and slow nucleation. The horizontal portions of each curve express a slow nucleation lag and simultaneous di¤usion of the immature nuclei, afterwards a slow pulse of desupersaturation. The slower desupersaturation rate can lead to rigorous control of this system in industrial/continuous/fed-batch scale of reactor operation.
Non-isomorphous seeds acted as a di¤usive body but did not take part in the integration step; therefore, unstable newly born nuclei redissolved, leading to longer or even infinite induction time ( Figure 7) . Therefore, it is to be concluded that isomorphous seed materials intensify crystallization when crystallization operates along the stablemetastable zone.
A B Figure 8 Scanning electron microscopic view of quartz sand seeds (A), and growing struvite with quartz sand seeds (B).
Nucleated Struvite
Quartz sand seed Figure 9 Magnified scanning electron microscopic view of growing struvite and quartz sand seeds. Figures 8-11 show the SEM view of struvite growth using di¤erent types of seeds. Quartz seeds and borosilicate glass seeds did not take part in the growth process noticeably ( Figures 8-10) ; however, some orthorhombic shape of struvite crystals formed due to the nucleation and subsequent to growth of stable struvite. The similarity of the lattice structure between struvite seeds and newly born struvite nuclei enhances the di¤usion-integration process. However, the likelihood of the di¤usion-integration process for other types of seeds is less e¤ective due to the redissolving of unstable nuclei as explained by the Gibbs-Thompson e¤ect of energy transformation during crystallization [1] . It is worthwhile noting that all metastable experiments were conducted very close to the saturation region, as investigated previously in thermodynamic modelling [18] .
The crystal size distribution of produced struvite, using the Malvern particle sizer, is shown in Figures 12-14 . Struvite growth acknowledged a size-independent growth process since the CSD curve shifted almost identically to the left. A less significant e¤ect of agglomeration was also observed, which supplemented the per-cent volume peak. Borosilicate glass seeds and quartz sand seeds experienced less e¤ective growth ( Figure 12 ) than did struvite seeds ( Figures 13 and 14) along with an agglomeration A B Figure 11 Scanning electron microscopic view of struvite seed (A), and growing struvite along with struvite seed (B). e¤ect among the corresponding seed particles. The size-independent growth of struvite with mother seeds resulted in a di¤usion-integration process of crystal growth.
Finally, the results of the batch crystallization using di¤erent types of seeds are summarized in Table 2 . The results show higher growth of struvite when previously generated struvite crystals were used as seeds in the supersaturated struvite system.
Conclusion
The main conclusions of this paper are as follows:
1. It is possible to identify the metastable zone when the minimum struvite solubility limit and minimum limit of spontaneous nucleation are known. Laser light scattering into the reactor can detect the minimum limit of spontaneous nucleation under careful observation. The struvite solubility limit was recognized by Qs-5 Figure 14 Crystal size distribution of struvite when quartz sand was used as seeds. Table 2 Summary of experiment of struvite crystal growth using di¤erent seed particles. simulating thermodynamic equilibria of struvite chemistry and was validated precisely with the PHREEQC thermodynamic modelling package and the Ohlinger [18] solubility limit curve. 2. Struvite seed proved to be more e¤ective for struvite crystallization due to the similarity of lattice structure. The similarity of lattice structure between seed and mother crystal stimulates the di¤usion-integration process of newly born crystals onto the seed surface. Therefore, mother crystals have a supportive e¤ect on the di¤usion-integration process on crystallization. 3. It is possible to crystallize struvite at very low supersaturation even along the stable-metastable zone (very close to the saturation region). Recognized sizeindependent growth of struvite was observed; however, an insignificant e¤ect of agglomeration was also incurred in stable-metastable supersaturation. The produced crystal was identified as struvite by XRD analysis. 
